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Abstract 
The consumption of fresh or industrialized coconut water (Cocos nucifera L.) in Brazil has been increasing. As a 
consequence, millions of tons of coconut husk are discarded each year, which constitutes a serious environmental 
problem. Studies carried out in our laboratories showed that the pulp rejected with the husk presents interesting 
properties and can be used as an ingredient with potential applications in food formulations. Drying is one possibility 
to preserve the pulp that is discarded inside the husk. This study aimed to evaluate the processes of drying green 
coconut pulp in cabinet dryer (CD) and pulsed fluid bed dryer (PFB) at 60, 70 and 80 ° C. The parameters water 
activity (Aw), lightness (L*), enzyme activity, moisture and crispness were used for choosing the best process 
conditions for snack producing. Mathematical modeling of drying curves was done using Henderson & Pabis, Lewis 
and Page models. After 480 minutes at 70 °C, both pieces of equipment succeeded in producing final snack-like 
products. Snack obtained in CD presented final moisture of 0.159 ± 0.004 (db) and in PFB 0.0400 ± 0.0004 (db). The 
choice of the best process depends on the dry product demand. PFB is the most suitable for large demands. 
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1. Introduction 
The world production of coconut (Cocos nucifera L.) was about 60 million tons in 2008 [1] — 85% in 
Asia, 8.5% in America, 2.9% in Africa and 3.2% in Oceania. Some of the coconut-based products are 
coconut oil, coconut water, copra and shredded coconut. Coconut products can also be found in 
beverages, cosmetic and toiletries products. The fresh or industrialized coconut water is very appreciated 
as a natural isotonic in Brazil. Its demand reaches 1.4% of soft drink market [2]. A serious environmental 
problem has come up due to the inappropriate disposal of the husks. It is estimated that 350 million liters 
of green coconut water are consumed in Brazil every year and this consumption produces approximately 2 
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million tons of green coconut husk. 70% of the waste generated in Brazilian coastal urban centers is green 
coconut husk [3]. 
Our laboratories are undertaking studies whose objective is the utilization of all parts of the coconut 
fruit, reducing the amount of discarded material. For example, recent studies showed that green coconut 
husk is an excellent bio-material for the adsorption of Indigo Blue from textile industries [4]. Other 
studies showed that the young pulp, in its very early maturation stage, presents interesting properties to be 
used as ingredient in ice cream [5], bread [6] and cake [7].  
Drying is another possibility to preserve the pulp that is discarded inside the husk. There are studies of 
drying coconut pulp in a CD [8] and in a conventional fluidized bed [8]. The low efficiency of CD and the 
lack of uniformity of the material, which favors channeling and agglomeration under conventional 
fluidization, led to the innovative pulsed fluidization technique [9, 10].  
The objective of this study was to evaluate the feasibility of obtaining a snack-like product by means of 
drying green coconut pulp at 60, 70 and 80 °C in both a CD and a PFB dryer. Product quality was 
evaluated by Aw, enzymatic activity, color (parameter L), moisture content and texture analyses and the 
results were related to the process variables. Mathematical modeling of drying curves was done too. 
 
Nomenclature 
 
a, k, n Coefficients of Predicted Models 
Aw0 Initial Water Activity 
AwF Final Water Activity 
D Diffusivity (m2.s-1) 
db Dry Basis 
L*0 Initial Lightness 
L*F Final Lightness 
MR Moisture Ratio 
PFB Pulsed Fluid Bed Dryer 
R2 Coefficient of Determination 
rm Sample Thickness (m) 
T Temperature (°C) 
t Time (min) 
wb Water Basis 
X0 Initial Moisture (db) 
Xe Equilibrium Moisture (db) 
Į Linear coefficient of Constant Rate Model 
ȕ Rate of Moisture Reduction  
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2. Material and Methods 
Cabinet drying and pulsed fluid bed drying were performed to determine drying curves at 60, 70 and 
80 °C. The initial and final Aw, moisture content and product luminosity, along with the visual aspect, 
were the parameters used to choose the best drying conditions. After the temperature was established, the 
variation of luminosity, enzymatic activity, Aw and texture were determined throughout the drying 
process. 
2.1. Extraction of coconut pulp 
The green coconut used in this work was the Nana Griff kind (Dwarf Coconut Palm), grown in the 
Brazilian Northeast. Coconuts were sanitized with NaClO, and coconut water was drained. The husks 
were cut to have the pulp extracted. The pulp was then vacuum packed, frozen and kept at -20 °C until 
use. The analyses were performed at least in triplicate. 
2.2. Sampling 
Due to the lack of product homogeneity, the samples for the analyses were obtained by fragmentation 
of various pieces of pulp, thus compensating for heterogeneity. 
2.3. Moisture Content 
The moisture content was determined as described in A.O.A.C [11]. 
2.4. Luminosity 
The color analyses were performed using the colorimeter COLOR EYE XTH calibrated with the 
references D65 and 10 degrees of observation angle. The parameter used was the luminosity (L*). 
Browning of the material was inferred by the decrease in luminosity. 
2.5. Fat Content 
Coconut pulp samples were ground in mixer, dehydrated and the fat content was determined by 
A.O.A.C [11]. 
2.6. Enzymatic Activity 
10 g of pulp were homogenized with 100 mL of 5% polyvinylpolypyrrolidone (PVPP) suspension. The 
homogenate was centrifuged at 1600×g for 15 minutes at 4 °C centrifuge (Mega 21R, Hanil Science 
Industrial Company). Polyphenoloxidase (PPO) and peroxidase (POD) activities were determined by 
spectrophotometric method [12] using a UV-VIS spectrophotometer (Varian Cary 100). The PPO activity 
unit was defined as an increase of 0.001 min-1 ǻ$420 min-1 (ml sample) -1, using catechol as substrate. 
One POD activity unit was defined as the amount of enzyme capable of producing the conversion of 1 
mmol of guaiacol per second under the test conditions. 
2.7. Water Activity 
Water activity was measured by a hygrometer (Aqualab Decagon Devices, Model Serie 3TE) at 25 °C. 
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2.8. Texture Analyses 
A Texture Analyzer (TA-TA-XT2i, Stable Microsystems Ltd., UK) with a 5-mm stainless steel 
cylindrical probe, in a load cell of 25 kg was used. A sample was placed on a hollow planar base and the 
force was applied by the probe at the constant speed of 1.0 mm.s-1 and 3 mm of penetration. Force-
deformation data were recorded. The maximum force and the number of peaks indicated the crispness. 
2.9. Cabinet Dryer (CD) 
Cabinet Dryer was manufactured by Armfield, UK (Figure 1). It consists of a 28 cm × 28 cm square 
duct and a fan (a) with adjustable speed, which blows the air through electric resistances (b), controlled 
by a PID device. A 5.0 × 102 g layer of material was spread over the surfaces of two 20 cm × 20 cm trays 
in the chamber. The trays were held by an analytical scale (c) enabling mass measuring during drying. Air 
velocity was 2.1 ms-1 in all tests. 
 
  
Fig. 1. Schematic representation of Cabinet Dryer 
2.10. Pulsed Fluid Bed Dryer (PFB) 
The gas distribution system is the distinctive feature of the PFB equipment. In the experimental set-up 
used in this work, the distribution of airflow is provided by two disks installed upstream of the drying 
chamber, on opposite sides of the gas distribution chamber. These disks are synchronized for they share a 
common shaft. A schematic representation of this system is given in Fig. 2.  
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic representation of Pulsed Fluid Bed Dryer 
The four-section PFB dryer used in this work has a total cross sectional area of 0.18 m² (0.30 m × 0.60 
m). The frequency of pulsation is given by the rotational velocity of the disks, whose shaft is driven by a 
1 hp electrical motor. The frequency used in this work was 250 rpm and the air volumetric flow was 800 
Nm3h-1 in all tests. The gas distribution chamber below the supporting grid has internal divisions, as seen 
in Fig. 2. In a conventional PFB dryer, the drying chamber, which is above the grid, has no separation. 
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However, in this study, one of the fluidization sections was isolated from the others to reduce the amount 
of material needed. Therefore, the active section occupied one quarter of the whole grid: 0.30 m × 0.15 m. 
The PFB apparatus employed in this work also comprises a 5 hp centrifugal fan, an orifice plate with 
flange taps for airflow rate measurement, heating electrical resistances and a data acquisition system. The 
airflow rate is varied by means of a butterfly valve. The orifice plate was built and installed according to 
the ISO 5167-1 standard. Heating is provided by ten electrical resistance heaters of up to 1 kW each, 
controlled by a PID device (model N1100, Contech, Brazil). 
2.11. Mathematical Modeling 
Drying of coconut pulp consists of two stages. In the first, drying is controlled by surface moisture 
evaporation and the drying rate is constant. In the second period, drying is controlled by diffusion and 
presents a falling rate. In the constant drying rate period, the following linear model was used to fit 
experimental data (Eq. 1): 
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The empirical models to represent the drying kinetics in the falling rate period are usually derived from 
Fick's diffusion law (Eq. 2). It expresses the mass flow per unit area as proportional to concentration 
gradient. 
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The analytical solution of Fick's second law for mass transfer in a flat plate results in Equation 3: 
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Semi-empirical models (Eq. 4, 5 and 6) were chosen to model the coconut pulp drying curves in the 
falling rate period, when drying is controlled by diffusion.  
 
Henderson-Pabis (1961) MR = a·exp(-k·t)  (Eq. 4) [13] 
Lewis (1921) MR = exp(-k·t)     (Eq. 5) [14] 
Page (1949) MR = exp(-k·tn)    (Eq. 6) [15] 
   
Linear regression was accomplished with MS Excel and the quality of fit was assessed by the value of R2. 
2.12. Statistical Analyses 
The experimental data were analyzed using ANOVA. Duncan’s multiple range tests were used to 
establish the multiple comparisons of mean values for a 95% confidence level. MS Excel was used to 
perform all statistical calculations. 
3. Results and Discussion 
The results are shown in 3 parts, which correspond to the stages of this work: (I) Preliminary study of 
drying kinetics in both dryers. (II) Mathematical modeling. (III) Assessment of quality parameters of the 
product. 
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3.1. Preliminary study of drying kinetics:  
Drying curves were obtained at 60, 70 and 80 ° C. The equilibrium moisture content, the final 
luminosity (L*F) and the final water activity (AwF) were the quality parameters used to compare the 
drying conditions. Figure 3 was built to compare the dryers. In both dryers, drying was faster at 80 °C 
although there is no significant difference between the profiles at 80 and 70 ºC. At 60 ºC, the drying rate 
is considerably lower, especially in the CD.  
The drying time required for both processes to reach equilibrium moisture content was approximately 
480 minutes in all tests. One can see that drying is faster in the PFB during the constant rate period. That 
is due to the better contact between gas and material that provides higher mass transfer coefficients on the 
surface. At 70°C, for example, MR is reduced from 1 to 0.2 in 120 min in the CD and in 95 min in the 
PFB dryer. When the mechanism shifts to internal diffusion, the drying rates become similar. 
 
 
Fig. 3. Drying curves of green coconut pulp in CD and PFB at 60, 70 and 80 ºC 
Table 1 presents the initial and final moisture contents, luminosity and Aw for both processes. The 
final values were obtained after 480 min. The temperature impacted the equilibrium moisture content. 
Higher equilibrium values were obtained at lower temperatures, which was expected for the equilibrium 
moisture content depends on the relative humidity. The variations are due to changes in ambient 
conditions. Aw variation is explained by the different equilibrium moisture and material lack of 
uniformity. 
 
Table 1. Quality parameters 
C
ab
in
et
 D
ry
er
 T  
(°C) 
X0  
(db) 
Xe  
(db) 
Aw0 AwF L*0 L*F 
60 (6.7 ± 0.4)a (0.277 ± 0.02)a (0.991 ± 0.001)a (0.38 ± 0.02)a (79 ± 2)a (72 ± 2)a 
70 (6.5 ± 0.1)a (0.159 ± 0.004)b (0.993 ± 0.001)a (0.353 ± 0.002)b (83 ± 2)a  (67 ± 1)b 
80 (6.5 ± 0.1)a  (0.160 ± 0.003)b (0.994 ± 0.002)a (0.47 ± 0.02)c (80.9 ± 0.7)a (65 ± 2)b  
PF
B
 
T 
(°C) 
X0 
 (db) 
Xe  
(db) 
Aw0 AwF L*0 L*F 
60 (3.4 ± 0.4)a (0.07 ± 0.01)a (0.997 ± 0.001)a (0.54 ± 0.04)a (83 ± 3)a (71 ± 1)a 
70 (3.19 ± 0.08)a (0.040 ± 0.004)b (0.994 ± 0.001)a (0.42 ± 0.01)b (85 ± 1)a  (73 ± 3)a 
80 (3.0 ± 0.5)a  (0.036 ± 0.002)b (0.995 ± 0.001)a (0.42 ± 0.02)b (84 ± 2)a (63 ± 2)b 
Means followed by same lowercase letters in column did not differ (p>0.05) according to the Duncan’s test. 
0,00
0,20
0,40
0,60
0,80
1,00
0 100 200 300 400 500
M
R
 
Time (min) 
PFB 60 ºC
PFB 70 ºC
PFB 80 ºC
Cabinet Dryer 60 °C
Cabinet Dryer 70 ºC
Cabinet Dryer 80 °C
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Final values below 0.54 were obtained in all drying conditions. Another important aspect of the 
material is its color. One can see clearly that the parameter L*F decreased with the increase of 
temperature. Visual observation of the samples confirmed that browning was more intense in higher 
temperatures. Taking all these data into account, 70 °C was chosen for a deeper study on change of 
quality parameters during drying. 
3.2. Mathematical Modeling 
 The drying curves were modeled according to the procedure described in 2.11. 
3.2.1. Cabinet Dryer 
Figure 4 show the fit of Henderson & Pabis, Lewis and Page models for this dryer. A constant drying 
rate in the first hour was observed. The slopes indicate the variation of moisture with time, which 
increases with temperature. In the falling rate period all models fitted well the experimental data. Table 2 
shows the values of parameters for each fitted model and the respective R2. 
 
 
 
Fig. 4. Fit of Henderson & Pabis, Lewis and Page models (cabinet dryer T = 60, 70 e 80 ºC) 
Table 2. Models adjusted for cabinet dryer at 60, 70 and 80 ºC 
 60 °C R2 70 °C R2 80 °C R2 
Constant Rate MR = 1.0047-Ât 0.999 MR = 0.9981-Ât 0.997 MR = 0.9931-0.0090Ât 0.996 
Henderson-Pabis MR = 1.3153Âexp(-0.0107Ât) 0.995 MR = 1.2499Âexp(-0.0132Ât) 0.995 MR = 1.0712Âexp(-0.0139Ât) 0.998 
Lewis MR = exp(-0.0097Ât) 0.984 MR = exp(-0.0124Ât) 0.992 MR = exp(-0.0136Ât) 0.998 
Page MR = exp(-0.0044Ât1.1361) 0.999 MR = exp(-0.00835Ât1.0680) 0.999 MR = exp(-0.0121Ât1.0206) 0.999 
3.2.2. PFB dryer.  
Figure 5 shows that in this dryer the constant drying rate period is shorter than in the CD: about 30 
minutes against 60 minutes in the CD. In the falling rate period all models also fitted well the 
experimental data. Table 3 lists the values of the parameters of each model and the respective R2. 
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Fig. 5. Fit of Henderson & Pabis, Lewis and Page models (PFB dryer T = 60, 70 and 80 º C) 
Table 3. Models adjusted for pulsed fluid bed dryer at 60, 70 and 80 º C 
 60 °C R2 70 °C R2 80 °C R2 
Constant Rate MR = 0.9935-0.0149Ât 0.998 MR = 1.0044-Ât 0.998 MR = 1.0113-0.0109Ât 0.986 
Henderson-Pabis MR = 0.5297Âexp(-0.0090Ât) 0.993 MR = 0.4923.exp(-0.0116Ât) 0.963 MR = 0.6019Âexp(-0.0150Ât) 0.978 
Lewis MR = exp(-0.0113Ât) 0.907 MR = exp(-0.0142Ât) 0.901 MR = exp(-0.0176Ât) 0.946 
Page MR = exp(-0.0554Ât0.7192) 0.995 MR = exp(-0.0526Ât0.7689) 0.981 MR = exp(-0.0435Ât0.8314) 0.986 
 
The better performance of the PFB dryer in the constant rate period is explained by better contact 
between material and gas. The pulsation helps to break agglomerates and drying is faster and more 
uniform. For instance, dX/dt60 °C = - 0.0061 (CD) and dX/dt60 °C =  - 0.0149 (PFB). 
3.3. Evaluation of Quality Parameters 
Initially 5 parameters were selected to evaluate coconut pulp characteristics with drying time 
(moisture, Aw, lightness, crispness, PPO and POD enzyme activities), but results showed negligible 
activity for both enzymes at initial drying process, which made these analyses unnecessary. The low 
enzyme activities are probably due to the coconut maturation stage. Figures 6a and 6b present variation of 
the quality parameters in the cabinet (a) and PFB (b) dryers at 70 °C. 
 
 
 
                                          (a) Cabinet Dryer                                                                                      (b) PFB 
Fig. 6. Evaluation of quality parameters 
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As the pulp moisture decreases, there is a drop of Aw and, at the same time, an increase in brightness 
and crispness. The Aw remains virtually unchanged and close to 1 during the constant drying rate period, 
for the water removed in this stage is located on the surface of material. When diffusion starts to control 
the process, decrease of Aw can be observed. The color change, given by the L* parameter, is subtle in 
the first 100 minute drying. Surface evaporation keeps pulp temperature lower in the constant drying rate 
period and avoids color change. Figure 7 illustrates changes in texture during pulp drying in cabinet (a) 
and PFB (b) dryers. Only after the 5th hour it changed significantly, which explains why these diagrams 
show only initial and after the 5th hour graphs. The crispiness was reached after 8 hours of drying and 
only part of dry pulp had crispy texture, for both dryers. Probably it happened due to high fat content, 
between 4.82 and 6.88% (wb). 
 
 
 
              (a) Cabinet Dryer          (b) PFB Dryer 
Fig. 7. Variation of texture with dryer time 
 
The results indicate that CD promoted greater crispness than PFB, although the final moisture and Aw 
are close. No significant difference in final color of the products was observed. The products showed L*F 
= (67.4 ± 0.2) for PFB and L*F = (66.8 ± 0.3) for CD. It is important to consider that the browning was 
not caused by enzyme activity, since it was not enough to cause changes in color. Probably it was caused 
by Maillard reaction, because the color, taste and odor in the final product were typical of this reaction. 
Both devices provided final products with similar characteristics. The PFB dryer was two times faster in 
the constant rate period. 
4. Conclusion 
Drying at 70 °C led to better product after 8 hours. Both process resulted in a final product with snack-
like characteristics, but due to the high fat content and sample heterogeneity, only part of the batches 
showed crispy texture. For industrial production of snack, a study on the influence of the maturation stage 
would be necessary, because, in general, the higher the degree of ripeness of the coconut, the higher the 
fat content [16] and this directly influences the quality of the final snack. In case of high production yield, 
the recommended equipment is PFB dryer because it has great productivity by allowing the drying of 
large amounts of green coconut pulp.  
The results showed that the dehydration is a good way to make the green coconut pulp useful, 
increasing its shelf life and providing a snack-like product. 
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